Dysregulation of the ErbB family of receptor tyrosine kinases is involved in the progression of many cancers. Antibodies targeting the dimerization domains of family members EGFR and HER2 are approved cancer therapeutics, but efficacy is restricted to a subset of tumors and resistance often develops in response to treatment. A third family member, HER3, heterodimerizes with both EGFR and HER2 and has also been implicated in cancer. Consequently, there is strong interest in developing antibodies that target HER3, but to date, no therapeutics have been approved. To aid the development of anti-HER3 antibodies as cancer therapeutics, we combined antibody engineering and functional genomics screens to identify putative mechanisms of resistance or synthetic lethality with antibody-mediated anti-proliferative effects. We developed a synthetic antibody called IgG 95, which binds to HER3 and promotes ubiquitination, internalization, and receptor downregulation. Using an shRNA library targeting enzymes in the ubiquitin proteasome system, we screened for genes that effect response to IgG 95 and uncovered the E3 ubiquitin ligase RNF41 as a driver of IgG 95 anti-proliferative activity. RNF41 has been shown previously to regulate HER3 levels under normal conditions and we now show that it is also responsible for down-regulation of HER3 upon treatment with IgG 95. Moreover, our findings suggest that down-regulation of RNF41 itself may be a mechanism for acquired resistance to treatment with IgG 95 and perhaps other anti-HER3 antibodies. Our work deepens our understanding of HER3 signaling by uncovering the mechanistic basis for the anti-proliferative effects of potential anti-HER3 antibody therapeutics.
Dysregulation of the ErbB family of receptor tyrosine kinases
is involved in the progression of many cancers. Antibodies targeting the dimerization domains of family members EGFR and HER2 are approved cancer therapeutics, but efficacy is restricted to a subset of tumors and resistance often develops in response to treatment. A third family member, HER3, heterodimerizes with both EGFR and HER2 and has also been implicated in cancer. Consequently, there is strong interest in developing antibodies that target HER3, but to date, no therapeutics have been approved. To aid the development of anti-HER3 antibodies as cancer therapeutics, we combined antibody engineering and functional genomics screens to identify putative mechanisms of resistance or synthetic lethality with antibody-mediated anti-proliferative effects. We developed a synthetic antibody called IgG 95, which binds to HER3 and promotes ubiquitination, internalization, and receptor downregulation. Using an shRNA library targeting enzymes in the ubiquitin proteasome system, we screened for genes that effect response to IgG 95 and uncovered the E3 ubiquitin ligase RNF41 as a driver of IgG 95 anti-proliferative activity. RNF41 has been shown previously to regulate HER3 levels under normal conditions and we now show that it is also responsible for down-regulation of HER3 upon treatment with IgG 95. Moreover, our findings suggest that down-regulation of RNF41 itself may be a mechanism for acquired resistance to treatment with IgG 95 and perhaps other anti-HER3 antibodies. Our work deepens our understanding of HER3 signaling by uncovering the mechanistic basis for the anti-proliferative effects of potential anti-HER3 antibody therapeutics.
The human ErbB family of receptor tyrosine kinases is comprised of four homologous, transmembrane surface proteins: EGFR (ErbB1), HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4), which control important oncogenic functions such as proliferation, apoptosis, migration, and differentiation (1) . Under normal physiological conditions, activation of EGFR, HER3, and HER4 occurs upon ligand binding, which leads to extracellular domain reorganization from a closed form to an open form, dimerization with another family member, and signaling through the cytoplasmic kinase domains. In contrast, HER2 has no known ligand and the extracellular domain is in a permanently open conformation, permitting ligand-independent signaling via homodimerization and heterodimerization (2) . In some cancers, gain-of-function mutations or gene amplifications cause hyperactivation of ErbB family signaling, and are associated with disease progression (1) . As perhaps the best characterized example, ϳ20% of breast cancer patients exhibit HER2 amplification (3) . The tumors of these patients typically respond to anti-HER2 therapeutic antibodies such as trastuzumab or pertuzumab, but resistance and disease progression remain major challenges for HER2-amplified tumors (4, 5) .
Pathophysiological signaling in HER2-amplified settings is largely dependent on HER3, which forms a potent oncogenic heterodimer with HER2 even in the absence of ligand (6, 7) . The formation of HER2/HER3 heterodimers leads to phosphorylation of HER3 by HER2 at up to six phosphorylation sites that mediate phosphoinositide 3-kinase (PI3K) 6 binding and Akt signaling (8 -11) . Given the capacity for HER3 to elicit potent signaling through PI3K/Akt, it is not surprising that the oncogenic activity of HER3 has been demonstrated in a number of models. Systems biology studies have highlighted HER3 essentiality in HER2-amplified cells (12) and in models dependent on paracrine signaling by Neuregulin 1 (NRG1) (13, 14) , a HER3 ligand that promotes Akt activation by enforcing heterodimerization between HER3 and HER2 or EGFR. Furthermore, HER3 is overexpressed in response to a number of tar-geted therapies, such as inhibitors of HER2 (15, 16) , MEK (17, 18) , and BRAF (19, 20) . Collectively, these data highlight the importance of HER3 in tumorigenesis and suggest value for HER3 as a potential therapeutic target.
Unlike other ErbB family members, HER3 kinase activity is weak and has no known role in signal transduction (21, 22) , thereby excluding small molecule inhibitors as therapeutics (23) . However, over the past decade, a number of anti-HER3 antibodies have entered pre-clinical and clinical testing (24) . Most antibodies described in the literature inhibit NRG1-induced HER3 activation and subsequent PI3K/Akt pathway activation, and there is evidence that some of these antibodies directly compete with NRG1 for HER3 binding (25, 26) . NRG1 expression may be a valuable prognostic marker for response to NRG1 competitive antibodies, as preclinical models with high NRG1 levels are associated with a therapeutic response (27, 28) . Similarly, retrospective analysis of clinical trial samples from patients treated with NRG1-competitive antibodies have highlighted the putative benefits of using these biologics in diseases with high NRG1 expression (29 -32) .
The strongest evidence for anti-HER3 antibody efficacy in HER2-amplified settings that exhibit ligand-independent growth comes from studies with the anti-HER3 antibodies KTN3379 (33, 34) and LJM716 (35) . These antibodies lock HER3 in the closed inactive confirmation, blocking rearrangement to the open form that binds to HER2. However, given the propensity for HER2/HER3 heterodimers to form in a ligand-independent manner upon HER2-amplification (36), we hypothesized that targeting the open form of HER3 may provide additional benefit by enabling recognition of HER3 in the open and dimerized form.
Here we report the development of a new anti-HER3 antibody, IgG 95, which binds the open, HER2-bound form of HER3, blocks ligand binding, and inhibits signaling and proliferation in ligand-dependent and ligand-independent cancer models. IgG 95 enhanced HER3 ubiquitination and reduced HER3 and phosphorylated AKT (pAKT) levels. A subsequent shRNA screen targeting the ubiquitin proteasome system (UPS) revealed that down-regulation of the mRNA for the E3 ligase RNF41 enhanced resistance to IgG 95. Our work further shows that the anti-proliferative activity of IgG 95 depends on RNF41 through a mechanism whereby antibody binding causes ubiquitination of HER3 by RNF41, which leads to receptor internalization and degradation, and consequent inhibition of signaling. We anticipate that the mechanistic insights provided by our study will aid in the development of therapeutic antibodies targeting HER3.
Results

Development of synthetic anti-HER3 antibodies
We subjected the recombinant Fc-tagged extracellular domain (ECD) of HER3 (HER3-Fc) to two rounds of binding selections with a phage-displayed synthetic Fab library (37) . The phage pool from the second round was split and used for three further parallel selection rounds for binding to either HER3-Fc or an Fc-tagged heterodimer of the HER2 and HER3 ECDs (HER2/HER3-Fc). We reasoned that HER2/HER3-Fc may present epitopes not present on HER3-Fc, and therefore may yield antibody specificities not obtainable by selection on HER3-Fc alone, and it may enable the selection of anti-HER3 antibodies that can bind the HER2/HER3 heterodimer. After the final round, five clones were isolated, sequenced, and characterized using competitive phage ELISAs to sort binders based on relative affinities ( Fig. 1A and data not shown). We converted the candidate clones to the IgG1 format, and found that purified IgG proteins bound to HER3-Fc but did not bind to the other ErbB family members ( Fig. 1B) .
We next characterized the antibodies with cell binding and signaling assays to identify the best candidates for use as inhibitors of cell proliferation. Given the role of ligand-dependent HER3 signaling in disease models (13, 14) , we tested whether the IgGs could reduce ligand-induced phosphorylation of HER3 and the downstream effector Akt. In SKBR3 cells, which exhibit HER2-amplification and high HER3 levels (38, 39) , we found that NRG1 stimulation resulted in robust phosphorylation of HER3 when pretreated with or without an isotype control ( Fig. 1C ). Preincubation of SKBR3 cells with three of the five HER3 IgGs reduced NRG1-induced levels of phosphorylated HER3 (pHER3) and pAkt. IgGs 95, 101, and 145 bound strongly to HER3-positive SKBR3 cells transfected with control siRNA, and this staining was diminished in cells transfected with HER3 siRNA (Fig. S1 ).
We tested whether IgGs 95 and 101 could inhibit proliferation of cell lines reliant on HER3 signaling. Both IgGs exhibited significant anti-proliferative activity in vitro with HER2-amplified, ligand-independent SKBR3 cells ( Fig. 1D ). Using BxPC3 cells as a model for NRG1-reliant tumor growth in mouse xenografts (28), we found that IgG 95 inhibited tumor growth (at 35 days, TGI 30 mg/kg ϭ 64.6%, p Ͻ 0.0001, TGI 10 mg/kg ϭ 68.3%, p Ͻ 0.0001) sooner and more efficaciously than IgG 101 (at 35 days, TGI 10 mg/kg ϭ 30.7%, p ϭ 0.0001) ( Fig. 1E ). Together, these data show that IgG 95 is a promising anti-proliferative antibody for cancer cells that rely on HER3 signaling.
We next assessed the specificity of IgG 95 by immunoprecipitation MS (IP-MS) experiments with lysates from HER2amplified BT474 cells, which are also known to express HER3 (39) . HER3 was the major protein isolated from IgG 95 immunoprecipitates, as measured by spectral counts, but was never observed in the IgG control immunoprecipitates (Table S1 ). The IgG 95 immunoprecipitates were also enriched for HER3 interactors and mediators of HER3 signaling, including SHC1, GRB2, and PI3K catalytic (PIK3CA and PIK3CB) and regulatory (PIK3R1, PIK3R2, and PIK3R3) subunits. Notably, HER2 peptides were also found in anti-HER3 immunoprecipitates. These findings are consistent with IgG 95 being derived from selections for binding to the HER2/HER3-Fc heterodimer, and suggest that IgG95 can bind to HER3 in the HER2-bound state. Furthermore, optical biolayer interferometry measurements of binding kinetics found that IgG 95 bound similarly to monomeric HER3 and to an engineered HER2/HER3-Fc heterodimer ( Table 1) . Taken together, the IP-MS and affinity data suggest that the presence of HER2 does not alter the affinity of IgG 95 for HER3.
To further investigate this hypothesis, we performed co-immunoprecipitation experiments followed by Western blotting
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for HER2 and HER3. For comparison, we also analyzed IgG MOR09825, which locks HER3 in a closed conformation that cannot bind to HER2 (35) , and a commercial antibody (IgG CST) that binds to the intracellular domain of HER3. All three antibodies precipitated HER3, but we could not detect co-precipitation of HER2 beyond what was observed with a negative control IgG ( Fig. 2A ). However, pretreatment of cells with the membrane impermeable reagent 3,3Ј-dithiobis(sulfosuccinimidyl propionate) (DTSSP), which stabilizes protein complexes through covalent cross-linking, resulted in a clear increase in co-precipitated HER2 by IgG 95 compared with the negative control IgG. In contrast, cross-linking abolished precipitation of HER3 by IgG MOR09825 but did not affect precip-itation by IgG CST. Taken together, these results suggest that the DTSSP cross-linker stabilizes HER2/HER3 heterodimers, which are precipitated by IgG 95 but are not recognized by IgG MOR09825.
Given that IgG 95 apparently bound to HER3 in an open conformation and did not compete with HER2 binding, we investigated whether the antibody could compete with NRG1. We assessed binding of soluble NRG1 to immobilized HER3-Fc by ELISA and found that pretreatment of the HER3-Fc with IgG 95 greatly reduced binding of NRG1 ( Fig. 2B ). Thus, IgG 95 competes with NRG1 for binding to HER3, but it does not compete with HER2, suggesting that the antibody binds to the open form of HER3 at a site that may overlap with the NRG1-binding site.
Based on the evidence for different binding modes of IgGs 95 and MOR09825, we reasoned that ligand-independent heterodimers on the BT474 cell surface would present HER3 epitopes accessible to IgG 95, but not IgG MOR09825, and that IgG MOR09825 would block heterodimer formation, but IgG 95 would not. Therefore, we hypothesized that together they may exhibit a stronger anti-proliferative effect on HER2-ampli- (72) . B, IgG specificity for ErbB family members assessed by ELISA. Error bars represent the standard deviation of three independent experiments, and each point the mean of one experiment. C, Western blots of lysates from SKBR3 cells treated with the indicated IgG (5 g/ml) for 1 h prior to treatment with NRG1 (2 nM) for 10 min. Blots were developed with the antibodies to the proteins indicated on the right. The data are representative of three independent experiments. D, cell proliferation assays with SKBR3 cells treated with the indicated antibodies. Relative confluence was measured after control cells doubled 1.5 times (ϳ55 h). Error bars represent the standard deviation of three independent experiments. *, p Ͻ 0.05; **, p Ͻ 0.005, one-way ANOVA (see "Experimental procedures"). E, in vivo xenograft assays. Subcutaneous BxPC3 xenografts were established in CB-17 SCID mice and treated with the indicated antibodies. Tumor size was measured at the indicated time points (n ϭ 10 for the PBS control, and n ϭ 9 for all other treatment groups). **, p Ͻ 0.0001; *, p ϭ 0.0001, two-way ANOVA.
Table 1 Kinetic constants for IgG 95 binding monomeric or heterodimeric HER3
Values are representative of 3 independent experiments.
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fied cells than either antibody alone. Indeed, proliferation of BT474 cells was more potently inhibited by treatment with a mixture of IgGs 95 and MOR09825 than with an equal concentration of either antibody alone ( Fig. 2C ), suggesting that the two antibodies recognize distinct forms of HER3 on cells.
IgG 95 induces HER3 ubiquitination and degradation
Given that IgG 95 binds the HER2-bound form of HER3, and that the antibody is anti-proliferative in HER2-amplified cell lines BT474 and SKBR3, we assessed changes in the activation of signaling pathways downstream of HER3 to uncover how the antibody might function in this ligand-independent setting. In the absence of ligand, IgG 95 caused a dose-dependent reduction in pHER3 and pAkt, and did so comparably to the anti-HER2 IgG trastuzumab (Fig. 3A) . The effect on phosphorylated ERK (pERK) was minimal in the absence of ligand, consistent with the role of HER3 in controlling activation of the Akt pathway (40) . IgG 95 treatment led to a comparable inhibition of pHER3 in the presence or absence of ligand, although, in agreement with the literature (36, 41), trastuzumab did not. As well, pAkt levels were higher in IgG 95-treated cells that were also stimulated with NRG1 compared with unstimulated cells, suggesting that IgG 95 cannot completely inhibit ligand-induced signaling in the presence of excess NRG1. Interestingly, IgG 95 also caused down-regulation of total HER3 in a dose-dependent manner, pointing to a putative mechanism by which the antibody might function to reduce ligand-independent HER3 activation.
To identify the cellular processes that drive IgG 95-mediated HER3 down-regulation, we assessed the effect of chloroquine, a lysosomal protease inhibitor, and bortezomib, a proteasome inhibitor, on HER3 levels after IgG 95 treatment. HER3 downregulation was partially restored in the presence of chloroquine, suggesting that IgG 95 promotes the lysosomal degradation of HER3 (Fig. 3B ). The dependence of antibody-mediated HER3 degradation on lysosomal proteases suggested that IgG 95-induced internalization, a hypothesis consistent with the observation that treatment of cultured cells with IgG 95 led to reduced IgG 95 staining ( Fig. 3C ).
Due to the role of ubiquitin in directing receptors for lysosomal-mediated degradation (42), we tested whether IgG 95 promotes HER3 ubiquitination in HER2-amplified SKBR3 and BT474 cells, as well as the ligand-dependent BxPC3 cell line. Cells were pre-treated with chloroquine to inhibit lysosomal degradation and were then treated for a short time with IgG 95. The cell lysates were precipitated with IgG 95 and blotted with anti-HER3 or anti-ubiquitin antibodies. Treatment with IgG 95 caused a substantial increase in ubiquitinated HER3 in SKBR3, BT474, and BxPC3 cells ( Fig. 3D ). Collectively, these data define a putative mechanism whereby IgG 95 inhibits HER3 signaling by promoting HER3 ubiquitination and down-regulation via proteolytic degradation in the lysosome.
shRNA screens reveal that RNF41 depletion generates resistance to IgG 95
Having shown that IgG 95 induces ubiquitination, internalization, and degradation of HER3, we designed an shRNA screen to determine which UPS enzymes are involved and whether this process is required for the anti-proliferative effects induced by IgG 95. Thus, we generated a custom lentiviralbased pooled shRNA library, named the UPS library, which targets 500 UPS enzymes, including E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, E3 ubiquitin ligases, and deubiquitinases, with approximately 5 shRNAs for each gene (Table S2 ). We introduced the library into SKBR3 cells, because this model exhibited the highest levels of antibody-induced ubiquitination, by transduction, and performed a rescue screen to identify shRNAs that enhance cell proliferation in the presence of IgG 95 ( Fig. 4A ). Thus, shRNAs that provided a selective growth advantage under the pressure of IgG 95 would become enriched in the pooled cell population. Relative shRNA abundances were quantified by deep sequencing and, for each shRNA, relative abundance in the untreated and treated pools was calculated. Principal component analysis Role of RNF41 in response to a HER3 synthetic antibody indicated that replicates of different time points and treatments clustered together ( Fig. S2A ), providing confidence in the quality of the screening data. We identified MARCH10, UBR4, and RNF41 as candidate genes with three or more shRNAs that had significantly different normalized hairpin counts between control samples and samples treated with IgG 95. Analysis of MARCH10 hairpin plots indicated that it is likely a false-positive, as some shRNAs appear to desensitize, whereas others sensitize (Fig. S2B ). The UBR4 E3 ubiquitin ligase has been reported to interact with the ErbB family member EGFR upon ligand stimulation (43) (Fig.  S2C ). The RNF41 E3 ubiquitin ligase was implicated in the ubiquitination and down-regulation of HER3 (44) and was the top desensitizer to IgG 95 treatment. RNF41 shRNAs were significantly enriched in cell pools treated with IgG 95, implying a role for RNF41 in the anti-proliferative response to IgG 95 ( Fig. 4B ).
Assessment of on-target activity in SKBR3 cells by RT-PCR assays showed that RNF41 shRNAs 49 and 50 (see Fig. S2D for TRCN numbers) depleted RNF41 mRNA by Ͼ50% compared with controls ( Fig. 4C ). To validate RNF41 knockdown as an IgG 95 desensitizer, we performed proliferation assays of SKBR3 cells transduced with either RNF41 shRNA 49 or 50, or with a control luciferase shRNA 56, in the presence or absence of IgG 95. SKBR3 cells stably transduced with RNF41 shRNAs exhibited decreased sensitivity across an order of magnitude of IgG 95 concentration compared with cells transduced with the luciferase shRNA ( Fig. 4D ). We note that RNF41 shRNAs 51 and 53 caused anti-proliferative effects in isolation, which complicated attempts to measure synergy with IgG 95 treatment ( Fig. 4B and data not shown). Together, these results support the observations made from the genetic screens and validate RNF41 down-regulation as a desensitizer of the anti-proliferative effects of IgG 95.
RNF41 depletion reduces ubiquitination and down-regulation of HER3 caused by IgG 95
Because RNF41 shRNAs attenuated the anti-proliferative activity of IgG 95, we tested whether they also attenuated the effects of IgG 95 on the ubiquitination and down-regulation of HER3. In SKBR3 cells expressing shRNAs targeting RNF41 or control proteins (RFP or luciferase), we assessed HER3 levels after treatment with a negative control IgG or IgG 95. In the presence of the negative control IgG, cells expressing RNF41 shRNA exhibited higher HER3 levels than those expressing control shRNAs (Fig. 5A) , which is consistent with previous reports (45, 46) and with on-target shRNA activity. Moreover, down-regulation of HER3 levels was attenuated in cells 
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expressing RNF41 shRNA in response to IgG 95 compared with a control IgG (Fig. 5B ). Furthermore, whereas IgG 95 enhanced ubiquitination of HER3 in all cells tested, the effect was dampened by the expression of RNF41 shRNAs (Fig. 5C ). Consistent with cell proliferation data (Fig. 4D ), which showed that RNF41 shRNA expression reduced the anti-proliferative effect of IgG 95, neither IgG 95 nor trastuzumab could reduce pAkt in cells expressing RNF41 shRNA compared with those expressing a control shRNA (Fig. 5D ). Taken together, these results suggest that binding of IgG 95 to the HER3 ECD stimulates RNF41mediated ubiquitination of the HER3 intracellular domain. In summary, our data highlight a functional contribution of RNF41 to the anti-proliferative activity of IgG 95 in SKBR3 cells and support a dual role for this E3 ligase in the regulation of HER3. First, as also described previously (44, 45, 47) , RNF41 regulates resting HER3 levels, as knockdown of RNF41 results in an increase in total HER3. Second, as shown here for the first time, RNF41 is required for HER3 ubiquitination and downregulation in response to an anti-HER3 antibody, IgG 95, which in turn is necessary for the reduction of pAkt and the antiproliferative response induced by IgG 95.
RNF41 disruption with CRISPR/Cas9 causes a resistor phenotype in cancer models
It has been shown previously that RNF41 depletion does not alter the down-regulation of HER3 in BxPC3 cells treated with the anti-HER3 IgG 9F7-F11 (48 
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anti-HER3 antibodies may depend on the antibody and/or the cancer cell line. Therefore, to further refine our understanding of the role of RNF41 in the cellular response to IgG 95, we investigated how the RNF41 gene disruption affects the activity of IgG 95 in different genetic backgrounds, including other HER2-amplified cell models (AU565 and BT474), which exhibit ligand-independent HER3 activation, and the aforementioned ligand-dependent BxPC3 cell line. We generated a mixed population of RNF41 gene-edited cells using CRISPR/Cas9, so that we could monitor the relative abundance of genomic insertions and deletions (INDELs) at the RNF41 locus after an outgrowth period in the presence or absence of IgG 95 (Fig. 6A ). Our model suggests that RNF41 is required for the anti-proliferative activity of IgG 95, so we reasoned that RNF41 INDELs would be selected for upon extended treatment with IgG 95. On-target single guide RNA activity for two RNF41 guides was confirmed using the TIDE webtool (49) , which identified single bp frameshift mutations within the RNF41 gene (Fig. 6B) . We cultured the mixed population of RNF41 gene-edited SKBR3 cells in the presence of IgG 95 or an isotype control IgG for 13 days. TIDE analysis revealed specific enrichment of RNF41 INDELs in cells treated with IgG 95, suggesting that RNF41 disruption decreases sensitivity to IgG 95 and supporting the RNF41 shRNA knockdown experiments. Other HER2-amplified breast cancer cell lines, including BT474 and AU565, also exhibited RNF41 INDEL enrich-ment upon treatment with IgG 95, thus indicating that the antiproliferative activity of IgG 95 is modulated by RNF41 disruption in multiple HER2-amplified breast cancer cell lines (Fig. 6C ). We also tested RNF41 INDEL enrichment upon IgG 95 treatment in HER2 nonamplified BxPC3 cells, shown previously to exhibit HER3 down-regulation upon treatment with IgG 9F7-F11 in an RNF41-independent manner (48) . IgG 95 has an anti-proliferative effect on BxPC3 cells only in low serum conditions (Fig. S3 ), suggesting that HER3 down-regulation by IgG 95 in these cells may depend on RNF41 only under these conditions. Indeed, mixed populations of BxPC3 RNF41 geneedited cells exhibited INDEL enrichment upon IgG 95 treatment only when grown in low serum (Fig. 6C ). Taken together with the previous finding that IgG 9F7-F11 did not require RNF41 for antibody-mediated down-regulation (48), our results suggest that different antibodies promote the activity of different ubiquitin ligases.
To explore whether RNF41 may influence the antiproliferative response of anti-HER3 antibodies that bind differently than IgG 95, we compared IgG 95 to IgG MOR09825, which locks HER3 in the closed confirmation (35) . Treatment of a mixed population of RNF41 gene-edited SKBR3 cells with either IgG 95 or MOR09825 resulted in INDEL enrichment, providing support that RNF41 may be involved in the anti-proliferative activity of other anti-HER3 antibodies (Fig. 6D) . Given that RNF41 appears to regulate basal HER3 levels (Fig. 5A) , we tested whether higher concentrations of antibodies could overcome the resistance to treatment caused by RNF41 disruption, but RNF41 INDELs were enriched significantly even in the presence of 10-fold greater concentrations of either IgG 95 or IgG MOR09825 (Fig. 6D ). Thus, these data suggest that increasing the IgG dose is insufficient to overcome the increased HER3 levels that result from RNF41 disruption. Collectively, our results show that RNF41 ubiquitinates HER3 in response to anti-HER3 antibody treatment, which leads to HER3 degradation and consequent anti-proliferative effects.
Discussion
Many targeted cancer therapies rely on the disruption of effector proteins in signaling networks responsible for malignant cell growth. Delineating mechanisms of action and genetic factors that influence therapeutic efficacy will facilitate the maximal utility of these drugs. HER3 has been intensely studied as a therapeutic target, yet there are currently no approved therapies that inhibit this growth factor receptor directly. Because heterodimerization of HER3 with HER2 is thought to be the most potent ErbB oncogenic signaling unit (6, 7) , and is especially prominent in HER2-amplified cancers, we hypothesized that targeting the HER3 arm of this protein complex would benefit the treatment of this cancer subclass.
Our data suggest that IgG 95 can bind the HER2-bound form of HER3 and blocks NRG1 binding, characteristics consistent with binding to the open form of HER3 at an epitope that may overlap with the NRG1-binding site. Unlike NRG1, however, IgG 95 does not appear to induce HER3 activation, suggesting that binding of IgG 95 alters the HER2-HER3 heterodimer from the active conformation enforced by NRG1 binding. Based on the structural homology of HER3 (50) Based on our observations that IgG 95 induces ubiquitination and down-regulation of HER3, we furthered explored the mechanism of IgG 95 function by performing a UPS-targeted functional genomic screen and found that the E3 ubiquitin ligase RNF41 is at least partially responsible for the anti-proliferative effects of IgG 95. Previous studies have found that over-expression of RNF41 leads to ubiquitination and down-regulation of HER3 (44 -47) and that NRG1 promotes RNF41mediated HER3 ubiquitination (58) . However, our work is the first to uncover a role for RNF41 in mediating a cellular response to an anti-HER3 antibody, which may be important for understanding the mechanisms of action and resistance for other anti-HER3, including clinical candidates. Our data supports a model whereby antibody-mediated HER3 ubiquitination and down-regulation is driven by RNF41, and HER3 downregulation is in turn responsible for reduced levels of pAkt. Interestingly, RNF41 does not regulate HER3 levels in response to all anti-HER3 antibodies. IgG 9F7-F11, which does not block NRG1 binding (59), also did not promote RNF41-mediated ubiquitination. Rather HER3 ubiquitination and degradation in BxPC3 cells treated with IgG 9F7-F11 depended on the E3 ligase ITCH (48) . Whether ITCH drives the anti-proliferative response of BxPC3 cells to IgG 9F7-F11 remains untested. We observed RNF41 INDEL enrichment in BxPC3 cells treated with IgG 95, suggesting a functional role for RNF41 in regulating IgG 95 anti-proliferative effects. Collectively, these data suggest that exposure to different antibodies can lead to engagement of different ubiquitination pathways. It will be interesting to see if combinations of anti-HER3 antibodies that 
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recruit multiple ubiquitination pathways result in more potent HER3 shutdown.
In HER2-amplified SKBR3 cells, RNF41 plays the dual role of controlling both total HER3 levels and antibody-mediated degradation. We predict that these two functions may render RNF41-depleted cancer cell lines more aggressive as a result of higher HER3 levels, as seen elsewhere (45, 46) , and less sensitive to antibodies like IgG 95 that depend on RNF41 for their efficacy, especially in the context of HER2 amplification where HER3 signaling is driven in a ligand-independent manner. Conversely, given that RNF41 knockdown increases the proliferative response to NRG1 (46), cancers exhibiting low RNF41 and ligand-dependent signaling would likely respond to NRG1 competitive anti-HER3 antibodies. An analogous finding was observed for cells with knockdown of NEDD4, another E3 ubiquitin ligase that negatively regulates total HER3 levels (60) . That is, NEDD4 knockdown resulted in a higher proliferative response to NRG1, and a greater anti-proliferative effect for the anti-HER3 antibody U1-59. Collectively, our work highlights a potential benefit to targeting the open form of HER3 to inhibit cancer proliferation, underscores the importance of HER3 ubiquitination in the anti-proliferative effect of IgG 95, and suggests that HER3 down-regulation may be an important marker of response to IgG 95 and other antibodies as potential anti-cancer agents.
Experimental procedures
Isolation, characterization, and production of anti-HER3 antibodies
Anti-HER3 Fabs were selected from the phage-displayed synthetic human Fab library F (37) . Binding selections, phage ELISAs, and Fab protein purification were performed as described (61, 62) . Briefly, phage from Library F were cycled through successive rounds of binding selections with antigen adsorbed onto 96-well MaxiSorp Immunoplates (Fisher Scientific). The first two rounds were performed with the recombinant, Fc-tagged extracellular domain of HER3 (HER3-Fc), and the final three rounds on either HER3-Fc or HER2/HER3-Fc heterodimers generated using knobs-into-holes technology (63)(kindly provided by Mark Walter). Fab-phage were produced for individual clones, and phage ELISAs were performed to detect binding to HER3-Fc. Clones exhibiting antigen-binding signals more than 2-fold over background binding to bovine serum albumin were sequenced. Competitive phage ELISAs were performed for unique clones by incubating Fab-phage with 17 nM HER3-Fc prior to capture with immobilized antigen, and then detecting bound Fab-phage with anti-M13-HRP antibody conjugate. To produce IgGs, the genes encoding light and heavy chains were cloned into vectors designed for expression in 293F cells (Invivogen). IgG proteins were affinity-purified using protein A-Sepharose (GE Healthcare). The sequence for the HER3 antibody MOR09825 was derived from a published structure (35) , and codon-optimized DNA fragments encoding for the antibody light and heavy chains were synthesized and cloned into IgG expression vectors. ELISAs were performed with IgG proteins to assess binding to ErbB family members (R&D Technologies) utilized an anti-human -HRP conjugate (Jackson) as described (64) . To assess binding of NRG1 to HER3 in the presence of IgG 95, HER3-Fc (Sino Biological) was coated on MaxiSorp Immunoplates followed by incubation with saturating (133 nM) amounts of IgG 95, then 800 nM NRG1-His (R&D Systems, 5898-NR), followed by detection of NRG1 with an anti-His-HRP antibody conjugate (R&D Systems, MAB050H).
Cells and Western blotting
SKBR3, BxPC3, BT474, and AU565 cells were grown in McCoy's 5A (Gibco), RPMI 1640 (Gibco), DMEM/F-12 (Gibco), or RPMI 1640 (Gibco) media, respectively, supplemented with 10% FBS (Gibco) and 1ϫ Normocin TM (Invivogen). Cells were cultured in a 37°C incubator with a humidified atmosphere of 5% CO 2 in air. Cell treatments were performed with NRG1␤ (R&D Systems, 396-HB), chloroquine (BioShop), or bortezomib (SelleckChem). For Western blotting, cells were harvested on ice in 1% Triton X-100 in 50 mM Tris, pH 7.5, 150 mM NaCl and supplemented with a protease/phosphatase inhibitor mixture (Cell Signaling Technology (CST) or HALT (ThermoFisher). Lysates were incubated on ice for 30 min, and the extract was clarified by centrifugation at 13,000 ϫ g for 15 min at 4°C. Protein concentration was determined using a bicinchoninic acid assay (Pierce). For cross-linking experiments, cells were washed twice with wash buffer (50 mM HEPES, pH 7.4, 150 mM NaCl) prior to treatment on ice for 1 h with 2 mM DTSSP (ThermoFisher) prepared in wash buffer just before use. Cross-linking was stopped by treating cells with 50 mM Tris, pH 7.4, 150 mM NaCl. Lysates were processed as above, and equal volumes of samples were immunoprecipitated with 2 g of antibody and a slurry of protein A-Sepharose (GE Healthcare). Primary antibodies binding to pHER3(Tyr-1289) (CST 4791), HER3 (CST 4754), pAkt(Ser-473) (CST 4060), Akt (CST 2920), ubiquitin (CST 3936), pERK1/2(Thr-202/Tyr-204) (CST 4370), ERK1/2 (CST 9102), GAPDH (CST 2118), and actin (Abcam 3280) were utilized for Western blotting. Appropriate HRP-conjugated secondary antibodies were used for detection. Immunoprecipitations for ubiquitin blots were performed using 1 g of IgG 95/mg of cell extract and a slurry of protein A-Sepharose (GE Healthcare).
Flow cytometry
Primary staining of cells was performed with 15 g/ml of an anti-HER3 IgG. Alexa Fluor 488 AffiniPur F(abЈ) 2 goat antihuman was used as a secondary antibody (Jackson, 109-546-097). Dead cells were excluded using 7-aminoactinomycin D. Flow cytometry was performed on either a BD FACSCanto II (BD Biosciences) or a BD LSR Forstessa (BD Biosciences). Acquired data were analyzed with FlowJo software (FlowJo, LLC). For experiments utilizing siRNA, cells were reverse transfected according to the manufacturer's recommendations using Lipofectamine RNAiMAX (ThermoFisher) and siRNA nontargeting pool #1 (Dharmacon) or HER3 siRNA SMARTpool (Dharmacon).
Biolayer interferometry
Binding kinetics were determined by BLI using a ForteBio Octet HTX system (Pall Corporation) with IgG 95 immobilized Role of RNF41 in response to a HER3 synthetic antibody on amine-reactive generation-2 (AR2G) biosensors (ForteBio) according to the manufacturer's instructions. Sensor-captured IgG 95 was exposed to 200 nM HER3/HER2-Fc, 200 nM HER3-His (Sino Biological), or 3-fold serial dilutions in PBS, 1% bovine serum albumin, 0.05% Tween 20. Association and dissociation were each monitored for 600 s with 1000 rpm shake speed at 25°C. Analysis was performed using a 1:1 Langmuir model and globally fit to determine k on and k off values using Octet Software (ForteBio). K D was calculated as the ratio of k off /k on . To produce HER3/HER2-Fc for BLI studies, we generated a fragment of domains 1-4 of HER3 using PCR (F, 5Ј-GATTGAATT-GTCTAGAATGAGGGCGAACGACGCT-3Ј; R, 5Ј-TGTGT-GAGTTTTGTCTGTCAGATGGGTTTTGCCG-3Ј) suitable for in-frame cloning using Gibson Assembly (New England Biolabs) with the CH2 and CH3 domains (accession number 1605217A, beginning at hinge IMGT positions "DKTH" (positions 6 -9)) containing the following "knob" mutations (IMGT numbering) in CH3: Q3M, Y5F, T6D, T22W, L24M. We used a similar strategy to clone domains 1-4 of HER2 (F, 5Ј-GATT-GAATTGTCTAGAATGGAGCTGGCGGCCTTG; R, 5Ј-TGT-GTGAGTTTTGTCCGTCAGAGGGCTGGCTC-3Ј) in-frame with the CH2 and CH3 domains (accession number 1605217A, beginning at hinge IMGT positions DKTH (positions 6 -9)) containing the following "hole" mutations (IMGT numbering) in CH3: S10I, E13L, K15.1S, T22S, L24A, Y86V. HER2/HER3-Fc was produced similarly to IgG proteins (described above).
IP-MS
BT474 cells were grown to ϳ70% confluence and lysed in lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1.5 mM MgCl 2 , 1 mM EGTA, 10 mM NaPP i , 10 mM NaF, 1 mM sodium orthovanadate, 10 mg/ml of leupeptin, 2 mM benzamidine and protein protease/phosphatase inhibitor mixture (CST)). Samples were clarified by centrifugation for 10 min at 20,000 ϫ g, followed by a second spin at 20,000 ϫ g for 2 h. Protein concentration was determined using a bicinchoninic acid assay. Total lysate (4 mg) was tumbled overnight at 4°C with 10 g of capture IgG 95, followed by addition of protein A-Sepharose and an additional 3 h of mixing. Beads were washed 3 times with lysis buffer and twice with water. Bound proteins were eluted 3 times with 0.15% TFA. 1 M Ammoniumbicarbonate,45mMDTT,and100mMiodoacetamide were added to eluants in a stepwise manner. L-1-tosylamido-2-phenylethyl chloromethyl ketone-trypsin (1 g/ml) was added and samples were incubated overnight at 25°C. Samples were acidified with 20% TFA to a final concentration of 1% and peptide mixtures were purified on C18 Stage Tip columns (ThermoScientific) followed by LC tandem MS analysis on a Q-Exactive hybrid quadrupole Orbitrap hybrid mass spectrometer. Abundant ions were selected for collision-activated dissociation. Data were acquired using Xcalibur software and analyzed on SEQUEST and X!Tandem search engines, using the human Uniprot database as a reference. Results were imported onto Scaffold Viewer to determine spectral counts.
Xenograft assays
Xenograft assays were conducted following the guidelines of the Canadian Council on Animal Care (CCAC), and the experiments were performed under a protocol approved by the University Animal Care Committee (UACC) at the University of Toronto. The experimental procedures were similar to those described previously (65) . Briefly, CB-17 SCID mice (7 weeks old, female) were purchased from Taconic Biosciences Inc. (Hudson, NY) and housed in a pathogen-free environment at the animal facility at the University of Toronto. To generate tumor xenografts, BxPC3 cells (5 ϫ 10 6 ) in Dulbecco's PBS were injected subcutaneously into the right flank of each mouse. Tumors were measured using vernier calipers and mice were weighed twice weekly. Tumor volume was calculated using the formula: 1 ⁄ 2 (length ϫ width 2 ). When tumor volumes reached an average of ϳ160 mm 3 , mice were randomly divided into four groups (9 or 10 mice per group) such that the mean tumor volumes of each group were similar. Each group received one of the following treatments, twice weekly via intraperitoneal injection for 4 weeks: vehicle buffer (5% D-(ϩ)-trehalose dihydrate (BioShop Canada Inc.) in Dulbecco's PBS), IgG 101 (10 mg/kg), IgG 95 (10 mg/kg), or IgG-95 (30 mg/kg). Tumor growth inhibition (TGI) of the antibodies was calculated as % TGI ϭ [(MTVcontrol Ϫ MTVAb-treated)/MTVcontrol] ϫ 100, where MTV ϭ median tumor volume.
Proliferation assays
SKBR3 (2000 cells/well) or BT474 (7000 cells/well) cells were seeded into a 96-well dish and incubated overnight at 37°C with 5% CO 2 in humidified air. Cells were treated with IgG 95, 101, or isotype control (Jackson Labs), and proliferation was assessed after 2-7 days, either by measuring cell confluence with an IncuCyte ZOOM (Essen BioScience) or by counting the cells. For counting, cells were either stained with Hoechst 33342 (Thermo Scientific) and imaged with an IN Cell Analyzer 2200 (GE Healthcare), and the nuclei were counted using Cell-Profiler2.0 software (66), or stained with Vybrant DyeCycle green and imaged and counted using an IncuCyte ZOOM (Essen BioScience).
UPS shRNA functional genomic screen
An shRNA library directed against 500 UPS genes (3-5 shRNAs per gene) was assembled as a subset of a previously described genome-wide library (67) , and lentivirus containing the library was produced as described (68) . SKBR3 cells were treated with 4 g/ml of Polybrene and infected with the lentivirus shRNA library at a multiplicity of infection of ϳ0.45. The media was changed 24 h after infection, and cells were treated with 4 g/ml of puromycin for 48 h to select for infected cells. Triplicate T 0 samples were taken at a representation of 1000 cells per shRNA and also seeded in triplicate at this same representation, followed by treatment with 1 g/ml of control IgG (Jackson Labs) or IgG 95. Cells were passaged every 3-4 days and sampled at a representation of 1000 cells per shRNA. Genomic DNA was isolated using a DNA blood and cell culture midi kit (Qiagen) according to the manufacturer's instructions. shRNA inserts were amplified from genomic DNA by PCR with primers harboring Illumina TruSeq adapters with i5 and i7 bar-
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codes, and the resulting pools were sequenced on a Illumina HiSeq2500. The differential expression of shRNA between control samples and samples treated with IgG 95 was determined using DESeq (69) .
shRNA validation assays
Polyclonal pools of SKBR3 cells expressing an shRNA hairpin were generated by treating cells with 4 g/ml of Polybrene and infecting cells with lentivirus encoding a specific shRNA. After selection with 4 g/ml of puromycin for 48 h, cells were maintained in culture and used for downstream assays.
qPCR
The RNEasy Plus Mini kit (Qiagen) was used to isolate RNA from cells according to the manufacturer's instructions. RNA was converted to cDNA using the Superscript III First Strand cDNA synthesis system for RT-PCR (Invitrogen). RT-PCR was performed using the POWER SYBR Green PCR Mastermix (Applied Biosystems) on a Bio-Rad CFX96 Real-Time system with the following primers: RNF41-F, 5Ј-TGCATTAAGCAC-CTGCGC-3Ј; RNF41-R, 5Ј-AGCAGGACAGCCACTCTCC-3Ј; GAPDH-F, 5Ј-CTCCTGCACCACCAACTGCT-3Ј; GAPDH-R, 5Ј-GGGCCATCCACAGTCTTCTG-3Ј. Analysis was done using the comparative cycle threshold method (70) with RNF41 expression normalized to GAPDH expression.
INDEL enrichment assay
Single guide RNAs (sgRNAs) targeting RN41 (RNF41 guide 1, 5Ј-GCAACGCCTGCATCACCCAG-3Ј; RNF41 guide 2, 5Ј-CCGAGGTACTGGGCGCAGAT-3Ј), or LacZ (LacZ guide, 5Ј-CCCGAATCTCTATCGTGCGG-3Ј) were cloned into pLCKO (Addgene catalogue number 73311) or lentiCRISPR v2 (a gift from Feng Zhang, Addgene catalogue number 52961 (71)) plasmids. X-tremeGENE 9 transfection reagent (Sigma) was used to co-transfect SKBR3 cells with a pLCKO plasmid expressing an sgRNA targeting RNF41 or LacZ and plasmid Lenti-Cas9 -2A-blast (Addgene catalogue number 73310). The following day, cells were treated with 1 g/ml of puromycin for 48 h and allowed to recover for 12 days. Cells were sampled, seeded in triplicate populations, further grown out in the presence or absence of IgG 95 (1 g/ml) for 13 days, and sampled again. Crude gDNA extracts were generated from the sampled cell pellets using QuickExtract DNA Extraction Solution (Epicenter) according to the manufacturer's instructions. The second exon of RNF41, which contains the target site for both sgRNAs, was amplified by the PCR using the following primers: 5Ј-CTTTGCTGTGACCCAGTGGA-3Ј and 5Ј-GCCAACAT-GCCAAAGAGACC-3Ј. Primers and dNTPs were removed from the reaction using ExoI (MJS BioLynx) and shrimp alkaline phosphatase (MJS BioLynx) and the amplified DNA was subjected to DNA sequencing by the Sanger method. Quantification of insertions/deletions was performed as described (49) using TIDE (Tracking of INDELs by DEcomposition). For AU565, BT474, and BxPC3 cells, RNF41 editing was induced by infecting cells with Cas9 -2A-puro/RNF41 sgRNA co-expressing virus followed by selection with puromycin and cell recovery. Cells were then split into triplicate populations, challenged with IgG 95 or control IgG, and reseeded every 3-4 days.
BxPC3 cells in 1% FBS did not grow fast enough to require reseeding, so the media was changed every 4 days. Sampling occurred after 15 (AU565), 18 (BT474), 14 (BxPC3 ϩ 10% FBS), or 12 (BxPC3 ϩ 1% FBS) days. BxPC3 cells in 1% FBS were allowed to recover for 4 days after treatment in full growth media. To measure the effect of IgG MOR09825 and high dose IgG 95 on RNF41 INDELs, SKBR3 cells were infected with lentivirus co-expressing Cas9 -2A-puro/RNF41 sgRNA or Cas9 -2A-puro/LacZ sgRNA followed by selection with puromycin and cell recovery. Cells expressing RNF41 or LacZ sgRNA were mixed 1:1, seeded in triplicate, and grown out in the presence or absence of antibodies, followed by sample processing and data analysis as outlined above.
Statistics
Statistical analyses were performed using GraphPad Prism 6 software (GraphPad Software, La Jolla, CA). For all statistical analyses, populations were assumed to be normally distributed and of equal variance. A two-tailed, unpaired t test was used to analyze Figs. 5A and 6C. A one-way ANOVA followed by Tukey's multiple comparisons test was used for Figs. 2, B and C, 3C, 4C, 5B, and 6D. For Figs. 1D and 4D, a one-way ANOVA was performed followed by Sidak's multiple comparisons test. For Fig. 1D , means were compared between the 10 g/ml of IgG control and the 10 or 1 g/ml of IgG 95 or 101 groups, the 0.1 g/ml of IgG control group, and the 0.1 or 0.01 g/ml of 95 or 101 experimental groups, and the 0.001 g/ml of control and 0.001 g/ml of 95-or 101-treated groups. For Fig. 4D , means from a given IgG 95 dosage were compared between the 56 (luc) group and the corresponding 49 (RNF41) or 50 (RNF41) groups. For Fig. 1E , a two-way ANOVA followed by Tukey's multiple comparison test was used to calculate p values for each time point.
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